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Role of secondary emission on discharge dynamics in an atmospheric pressure dielectric barrier discharge The discharge dynamics in an atmospheric pressure dielectric barrier discharge (DBD) is studied in a DBD reactor consisting of a pair of stainless steel parallel plate electrodes. The DBD discharge has been generated by a 50 Hz ac high voltage power source. The high-speed intensified charge coupled device camera is used to capture the images of filaments occurring in the discharge gap. It is observed that frequent synchronous breakdown of micro discharges occurs across the discharge gap in the case of negative current pulse. The experimental results reveal that secondary emissions from the dielectric surface play a key role in the synchronous breakdown of plasma filaments. The atmospheric pressure dielectric barrier discharge (DBD) has been a subject of extensive research because of its advantages for industrial applications such as ozone synthesis, 1 removal of toxic gas, 2 thin film deposition, 3, 4 surface modification of polymers, 5 sterilization of biological samples, 6 and so on. DBD is characterized by the presence of at least one insulating layer between two planer or cylindrical electrodes connected to an ac power supply. 7 The most important characteristics of DBDs is that non equilibrium plasma conditions can be provided at atmospheric pressure. Study of the discharge mechanism in DBD has been receiving increasing attention because it is important to obtain a well-defined spatial and temporal distribution of the current density in applications. 8 There are possible applications of the emitted radiation (visible, UV, VUV (vacuum ultraviolet)) as well as the emission of electrons, excited atoms, ions, and molecules from the plasma sources based on DBD. 9 Dielectric barrier discharge can exist in different discharge modes namely, filamentary, regularly patterned, completely diffuse barrier discharges depending on different conditions. 7 In the filamentary mode, a large number of micro-discharge filaments with sub-millimeter size diameter and nano second duration are distributed within the discharge gap. The micro discharge filaments can be characterised as weakly ionised plasma channels with properties resembling those of transient high-pressure glow discharges. 10 The plasma filaments are ignited simultaneously and adjacent due to self-triggering character of the ignition; the so-called collective effect. 11 A larger number of discharge channels may be caused by the charge trapping property of the dielectric surface. The memory effect due to charge accumulation on the dielectric is a dominant feature in all barrier discharges. 7 The memory charges affect the secondary electron emission from the dielectric surface.
The experimental time-resolved observation of micro discharges are extremely inconvenient and a challenging task. There have been few experimental studies on filamentary plasmas consisting of many distinct but short-lived micro discharges (MDs) observed as filaments. 8, [11] [12] [13] [14] Allegraud et al.
11 investigated plasma ignition in a dielectric barrier surface discharge in air at atmospheric pressure. Holder et al.
12 studied micro discharges in a barrier discharge with an asymmetric electrode arrangement by the technique of cross-correlation spectroscopy. They showed synchronous breakdown of plasma filaments, corresponding to current intensities of several amperes. Guaitella et al. 13, 14 reported role of the photoemission of negative charges from the dielectric surface in the initiation of positive streamers and also influence of photocatalytic material and external UVs irradiation on the time evolution of the current amplitude distribution function.
In this work, the discharge dynamics in an atmospheric pressure DBD is studied. The diagnostics used in this study are electrical measurement, spectroscopy, and imaging technique (high-speed iCCD camera). It gives insight into the phenomena of frequent synchronous breakdown of micro discharges taking place across the discharge gap in a parallel plate DBD. The iCCD images of positive and negative current pulses are compared to study the synchronous breakdown of micro discharges. The role of secondary emissions from the dielectric surface in the synchronous breakdown of plasma filaments is discussed.
A schematic diagram of the experimental setup is shown in Figure 1 . It consists of a pair of parallel plate stainless steel (SS304) electrodes of 6 cm in diameter and 1.5 cm in thickness. This arrangement facilitates the variation of space gap between the two electrodes. The edge of the electrodes is smoothened to prevent localized electric field. A silver string is inserted to stabilize the motion of the electrodes. The dielectric layer is a Pyrex glass sheet of dimension 10 cm Â 10 cm and thickness of 2 mm. The dielectric sheet is placed by using two position adjustable dielectric holders. The electrodes system is housed in a Perspex chamber. The front window of the chamber is sealed with a glass window. Emission of the visible light can be observed through this glass window. Open air is used as the working gas under atmospheric pressure at ambient temperature. Two ports on the top cover of the chamber are used as the gas inlet and outlet. Air is allowed to flow freely as the DBD is operated under atmospheric pressure. The DBD reactor is powered by a 50 Hz ac high voltage power supply through a ballast resistor of 8.8 MX. The ballast resistor is used to limit the current and also to avoid overheating of the DBD reactor. The maximum applied voltage is 20 kV (40 kV peak to peak). The upper electrode is electrically connected to the high voltage power supply while the bottom electrode is grounded. The dielectric plate is in contact with the upper electrode. An iCCD camera (Princeton Instruments make, model:PI-Max3, CCD format: 1024 Â 1024, CCD pixel size: 12.8 lm Â 12.8 lm) is placed at the side of the DBD reactor in order to capture the images of the filaments occurring in the discharge gap. The iCCD camera is used at an exposure time of 500 ls for the images of negative and positive current pulses. The camera is randomly triggered by controlling it through the computer interface to obtain the image. The exposure time of the camera has been adjusted in such a way that the camera captures only filaments corresponding to a single current pulse. The time resolved current and voltage signals are registered simultaneously using a digital oscilloscope (Yogokawa DL6104, bandwidth 1 GHz). A miniature fiber optic spectrometer (Ocean Optics make, model USB 2000) is used to study the light emission spectrum of filamentary discharge at atmospheric pressure.
In our electrode geometry, negative and positive current pulses are formed in atmospheric pressure dielectric barrier discharge. The schematic diagram of the negative and positive current pulses is shown in Figure 2 . The negative current pulse is formed due to the electron avalanche from the dielectric surface to the bottom electrode (grounded) and the ions movement towards the dielectric surface from the bottom electrode. On the other hand, the positive current pulse is formed due to the electrons flowing towards the dielectric surface from the bottom electrode and ion streamer movement from the dielectric surface to the bottom electrode.
It is observed from the applied voltage measurement that there is a dip on the voltage waveform corresponding to a current pulse as shown in Figures 3 and 4 . This is due to the transport of opposite charges through the space gap when the filamentary discharge occurs. The occurrence time of the filaments can be estimated from the current pulse and the voltage waveform and is found to be 77 ns.
From the negative current pulse image as shown in Figure 3 , it can be seen that there are three simultaneously ignited filaments in a single negative current pulse. It is due to the collective effect and synchronous breakdown. 11 On the other hand, for the case of positive current pulse image as shown in Figure 4 , only single filament is ignited. The diffusion of free charges in the discharge gap is also observed in the captured image. Diffusion of charges is clearly observed near the dielectric surface in case of positive current pulse. This is due to the flow direction of electrons and ions in the M þ D-or M-Dþ geometry.
In the case of positive pulse (M-Dþ), the mobility of electrons in the gap is larger than that of ions. When the electrons reach the dielectric surface, the negative charges trap on the dielectric surface and an opposite electric field is developed. This electric field prevents further accumulation of electrons at the same position. Therefore, the electrons spread out and this leads to a wider discharge column near the dielectric surface. This effect enhances the diffusion of electrons near the dielectric surface. In the case of negative pulse (MþD-), the mechanism is different. The negative charges flow directly into the bottom electrode. There is no charge trapping on the surface of the electrode. Therefore, the diffusion is less significant in the case of negative pulse than that of positive pulse.
The synchronous breakdown of micro-discharge has been observed frequently in the case of negative current pulse. On the other hand, the synchronous breakdown is rarely observed in the case of positive current pulse. In the case of negative current pulse, the secondary emissions from the dielectric cathode provide sufficient electron density to enhance the filamentary discharge in shorter time. 12 Hence, brighter filaments have been observed in the case of negative current pulse where the avalanche electrons are accelerated to the metal electrode, which is not blocked by the dielectric.
These observations can be explained by the collective effect that has been studied by Guaitella et al.
14 Due to the collective effect, the first filamentary discharge triggers the subsequent filamentary discharges and thus causes the formation of multiple filaments. However, the collisions of the ions and electrons clouds do not trigger the filamentary discharge simultaneously due to the long progress time. Hence, it was suggested that photoemission was the main process that caused filament formation.
15 Figure 5 shows the optical emission spectrum of filamentary discharge in atmospheric pressure DBD. It is seen from the figure that energies of the photon are in the range of 3.05 eV to 4.17 eV. The maximum emission occurs at 337.13 nm and corresponding photon energy is 3.68 eV. In the case of negative current pulse, the secondary emissions depend on the dielectric surface, which contains the residual electrons from the previous half of the discharge cycle. During the negative half cycle, the bottom electrode acts as an anode and the dielectric as a cathode. Hence, the electrons undergo photodesorption from the dielectric and flow to the bottom electrode. The energy required for photodesorption is about 1 eV which is low enough to be triggered by the light emission from the previous filament discharge. 16 However, in the case of positive current pulse, the secondary emission effect depends on the bottom electrode when the metal electrode acts as the cathode and the dielectric as the anode. The electrons undergo photodesorption from the electrode and flow towards the dielectric. The previous free electrons are not trapped by the surface of the electrode and hence the secondary electron emission is from the surface of stainless steel, which has a work function of about 4.7 eV. The high extraction energy required to generate secondary electron emission reduces the collective effect in the case of positive pulse, which results less intense filamentary current as compared to the case of negative pulse.
To summarize, discharge dynamics in atmospheric pressure dielectric barrier discharge is studied. It is observed that frequent synchronous breakdown occurs across the discharge gap in the case of negative current pulse. The experimental results reveal the role of secondary emissions from the dielectric surface, which enhances electron avalanche during a negative current pulse, and thereby synchronous breakdown of plasma filaments occurs. 
